The stochastic model plays an important role in parameter estimation. The optimal estimator in the sense of least squares can only be obtained by using the correct stochastic model and consequently guarantees the precise positioning in GPS applications. In this contribution, the GPS measurements, collected by different types of geodetic dual-frequency receiver pairs on ultra-short baselines with a sampling interval of 1 s, are used to address their stochastic models, which include the variances of all observation types, the relationship between the observation accuracy and its elevation angle, the time correlation, as well as the correlation between observation types. The results show that the commonly used stochastic model with the assumption that all the raw GPS measurements are independent with the same variance does not meet the need for precise positioning and the elevation-dependent weight model cannot work well for different receiver and observation types. The time correlation and cross correlation are significant as well. It is therefore concluded that the stochastic model is much associated with the receiver and observation types and should be specified for the receiver and observation types. GPS, stochastic model, elevation dependent weight, time correlation, cross correlation
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As an important part in a linear (linearized) observation model, the stochastic model describes the accuracy of observation (variance) and the correlation characteristics (covariance) among observations. If the stochastic model is unreliably determined, the parameter estimates and their accuracies can be disturbed. Therefore, the variance-covariance component estimation (VCE) has been extensively investigated recently and many feasible and simplified algorithms have been proposed for the well-or the ill-conditioned linear model on the basis of minimum variance estimation, least squares estimation, maximum likelihood estimation, minimum norm quadratic unbiased estimation and best invariable quadratic unbiased estimation [1] [2] [3] [4] [5] [6] [7] [8] . Xu et al. [5] proposed the estimability concept of VCE and proved that at most r(r+1)/2 independent variance-covariance components are estimable with redundancy r.
The precise positioning can be carried out only in the case of the known adequate stochastic model of GPS measurements and, therefore the significant research efforts have been made towards stochastic modeling for GPS measurements in the past decade [9] [10] [11] [12] [13] [14] [15] . The earlier study by Euler and Goad [9] described the elevation-dependent weight method, in which an exponential formula with respect to the elevation angles of the tracked satellites is employed to approximate the accuracies of GPS measurements, and the positioning accuracy is really somewhat improved in real applications [15] . Nevertheless, this method does not take the correlation among observations into account. An iterative stochastic assessment procedure by using the MINQUE method, which takes all of the error features into account, has been proposed by Wang et al.
[10] to improve the accuracy of baseline. However, it is inconvenient to implement and suitable only for a short observation period because both the time correlation coefficients and the variances of GPS measurements are assumed as constant for the whole observation period in this iterative procedure [10, 11, 14] . Bona and Tiberius [12] and Kenselaar [16] addressed the relationship between the observation accuracy and its elevation angle, the correlation between measurements of the same type, as well as the correlation between observations of different types, namely cross correlation using GPS zero baseline data. He and Yang [17] proposed a method to real-time estimate the prior VCE of GPS double differenced (DD) observables and it is successfully performed in kinematic positioning. In this contribution, the GPS measurements are collected by different types of geodetic dual-frequency receiver pairs on ultra-short baselines with a sampling interval of 1 s and used to address the variances of all observation types, relationship between the observation accuracy and its elevation angle, time correlation, as well as cross correlation between observation types.
GPS single differenced observation model with a known baseline and integer ambiguity

Reparameterization of GPS single differenced observation model
In GPS relative positioning, the DD model is favored because it can, to a large extent, eliminate or reduce many systematic errors, e.g., clock errors of receivers and satellites, troposphere delay, ionosphere delay and so on, and guarantee ambiguities with the property of integer. However, the single differenced (SD) model is preferred in case of VCE for GPS measurements with following reasons [12, 13, 15, 16] : (1) it is rather easy to form the SD measurements from raw data without employment of reference satellite; (2) the mathematical correlation is not introduced except that variance of SD observation is enlarged by twice with respect to that of raw one; and (3) it is also easy to assess those stochastic properties assigned to satellites based on SD residuals (e.g., correlation between satellites), because only one satellite is involved in SD observation.
In this contribution, the dual-frequency observations of ultra-short baselines of about 5 m are used, and as a result, the residual systematic effects are neglected in the SD model. The SD observation equation for L1 phase and P1 code can be described as
where " ∇ " indicates the SD operator; 
where 
with the equivalent receiver clock error for P1 code 1 1 0 ,1 P P P t t δ δ δ ∇ =∇ +∇ .
GPS single differenced observation equation with a known baseline and integer ambiguity
Substituting the baseline and DD ambiguities that are preciously determined by using the whole observation series into eq. (2), the SD observation equation with fixed baseline and ambiguities is described as 
